PCX 



WORLD INTELLECTUAL PROraRTY WGANIZAHON 
International Bureau 




INTERNATIONAL APPUCATION PUBLISHED UNDER THE PATENT COOPERATION -TREAT^T (PGT) 



(51) Intmatkma] Patoit Cbsafication ^ : 
C12P 19/2S, C12N 9/24 



Al 



(11) International PuUkatkm Nomber: WO 97/31121 

(43) fnternatioiial Publication Date: 28 Augist 1997 (28i)8.97> 



(21) International Application Number: PCT/CA97/001 15 

(22) Intematiottal Filing Date: 20 February 1997 (20X)2,97) 



(30) Priority Data: 
603360 



20 Ftbiuary 1996 (20X^2.96) US 



(71) Applicant (fbr ali designated States except US): THE UNI- 

VERSITY OF BRmSH COLUMBU [CA/CA); Univer- 
sity/Industry Liaison Office, IRC Building. Room 331, 2194 
Health Sciraces Mall, Vancouver, British Columbia V6T 
1Z3 (CA). 

(72) Inventors; and 

(75) Inventors/>^n>Bcants {for US only): HAYNES. Charles, A. 
[US/US]; 103 -2730 Acadia Road, Vancouver, British 
Columbia V6T IR9 (CAX ALOISE, Pedro [AR/AR]; 405 
- 2730 Acadia Road, Vancouver, Britisb Cdumbia V6T 
1R9 (CA), CREAGH. Aimec Louise [CA/CAJ; 103 - 2730 
Acadia Road, Vancouver, British Columbia V6T 1R9 (CA). 

(74) Agent: OYEN, Gerald, O., Qyen Wiggs Green & Mutala, 
#480 - The Station, 601 West Cordova Street, Vancouver, 
Britisb O^umbia V6B IGl (CA). 



(81) Designated States: AL, AM, AT, AU, AZ, BB, BG, BR, BY, 
CA, CH, CN, CZ, DE, DK, EE. ES, FI, GB, GE. HU, IS. 
JP, KE, KG, KP, KR, KZ. LK, LR, LS, LT. LU, LV, MD. 
MG, MK. MN. MW, MX, NO. NZ, PU PT, RO, RU, SO. 
SE, SG. SI, SK. TI, TM. TR, TT. UA, UG, US. UZ, VN. 
ARIPO patent (KE, LS, MW, SD, SZ, UG), Eurasian patent 
(AM. AZ, BY, KG, KZ, MD. RU. TJ, TM), European patent 
(AT, BE, CH, DE, DK, ES, Fl, FR. GB. GR. IE. IT, LU, 
MC, NL, PT, SE), OAPI patent (BF. BJ. CF, CG. CI, CM. 
GA, GN. ML. MR. NE, SN, TD. TG). 



PubUslied 

With international search report 



(54) Title: PROCESS FOT PRODUCING N-ACETYL-D-GLUCOSAMINE 
(57) Abstract 



This invemiou' pertains to a proofs fur S^\S^'PPf}^butQ jJ-^^^tyt 
D-glucosamine from cbitin. More particularly, flus inyerition pertains to 
a process for producing N-acetyl-D-glucosamine utilizirig an ensemUe of 
the chitiitase family of enzymes to hydrolyze chitin of Crustacea shells. 
The invention includes a process for producing N-acctyl-D-glucosamine by 
enzymaticaUy hydrdyzing chitin with an ensemble of chitinolytic enzymes. 
Including cfaitinase and chitobiase. 





POH THE PURPOSES OF iNPORMATION ONLY 



Codes used to tdcotify States paity to !he PCT on the fmt pages of pamphlets publishing international 
applications under die PCT. 



AM 


AmcBis 


GB 


United Kingrtom 


MW 


Mdswi 


AT 


AtttUift 


GE 


GeoKcia 


MX 


Mc9dco 


AV 


Austnlb 


GN 


Gttioea 


N£ 


Niger 


BB 


Bnbadot 


GR 




NL 


Netfaeriandi 


BE 




HU 


Hvagtxy 


NO 


Norwiy 


BF 


BuricBtt Pmo 


IB 


bdand 


NZ 


New 


BG 




IT 


llaly 


PL 


Pbtaad 


BJ 


BchId 


JP 


Jipn 


FT 


PcBlQga] 


BR 


Bisi3 


KE 


Kenya 


RO 


Roinaiua 


BY 


uciuin 


KG 




RU 


RattitA Fedefauoo 


CA 




KP 


Democntic People's RcpuMic 


SD 


Sodn 


CF 


Cemn) AfHcu RepobUc 




arKofea 


8E 


Sweden 


CG 


Coofo 


KR 


RepobHcorKflna 


SG 


Singqxxe 


CH 


Swuxcriind 


KZ 


KazaUMttD 


SI 


Slovenia 


a 


Cted'lvoiR 


U 


LjccfailCBStciD 


8K 


Slovdda 


CM 


Csmcsoon 


LK 


SriUnka 


SN 


Senegal 


CN 


China 


LR 


Liberia 


sz 


Swaziland 


CS 




LT 




ID 


Cbad 


CZ 


Ciscli RepdiGc 


LU 


LuEonboaig 


TC 


Togo 


DB 


GcnMfly 


LV 


Utvia 


TJ 




DK 




MC 


Monaco 


TT 


"Hinidad and Tobago 


BB 




MD 


RcpobHcofMotdovi 


DA 


Uknine 


ES 


Spam 


MG 


Madasa*c» 


UG 


Upnda 


n 


Rntand 


ML 




US 


Unked State* of Anc 


FR 


Ptbdcc 


MN 


Mongolia 


uz 




GA 


Gabon 


MR 


Maurttania 


VN 


ViciNani 



wo 97/31121 



PCT/CAy7/00115 



PROCESS FOR PRODUCING N-ACETYL-I^GLUCOSAMINE 
FIELD OF THE INVENTION 

5 This invention pertains to a novel process for 

directly producing N-acetyl-D-glucosamine from chitin. 
More particularly, this invention pertains to a novel 
economical, high efficiency process for producing N-acetyl- 
D-glucosamine utilizing an ensemble of the chitinase family 
10 of enzyme s to hydroly ze chit in found in the shel Is of 
Crustacea. 

BACKGROUND OF THE INVENTION 

15 In recent years, it has been discovered that N- 

acetyl-D-glucosamine is a valuable pharmacological agent in 
the treatment of a wide variety of ailments. N-acetyl-D- 
glucosamine does not have any established negative side 
effects. Rather, it has a positive effect on tissue 

20 regeneration. N-acetyl-D-glucosamine has therapeutic 
potential in the treatment of a wide variety of diseases 
including gastritis, food allergies, inflammatory bowel 
disease (IBD) and diverticulitis. 

25 Currently, N-acetyl-D-glucosamine is not widely 

available in the marketplace and is expensive. To date, N- 
acetyl-D-glucosamine in commercial quantities is prepared 
by a United States company which utilizes a process that is 
based on acid hydrolysis of crude chitin. This results in 

30 deacetylation of N-acetyl-D-glucosamine units to form 
glucosamine. The glucosamine is isolated and re-acetylated 
to N-acetyl -D-glucosamine using an organic acetylating 
reagent such as acetic anhydride. 

3 5 Chitin , which is a ma j or component of the exo- 

skeleton of insects and shellfish, is a P 1,4 linked 
unbranched polymer composed almost entirely of amino 
sugars, specifically N-acetyl-D-glucosamine, and is a 
natural substrate for the manufacture of this compound. N- 
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acetyl -D-glucosamine is a natural substance, has a somewhat 
pleasant sweet taste, is non- toxic and dissolves easily in 
water and bodily fluids. 

5 N-acetyl -D-glucosamine, specif ically 2-acetainido- 

2-deoxy-D-glucose, belongs to a larger class of amino 
sugars which serve a number of important functions and are 
localized in many areas of the human biosystem. N-acetyl - 
D-glucosamine is a key amino sugar which is made in the 

10 body of all animals from glucose, also called blood sugar. 
Complex (polymeric) carbohydrates containing N-acetyl 
glucosamine, referred to as glycosaminoglycans , become 
associated with or attached to proteins to form a class of 
compounds generally referred to as proteoglycans . N- 

15 acetyl -D-glucosaraine is part of the makeup of body tissues 
and blood vessels, and the protective coverings over the 
digestive, respiratory and genitourinary organs. In this 
capacity, it is involved in the regulation of what enters 
cuid leaves the body and the movement of substances into and 

20 between cells of the body. The biochemical processes 
involved in amino sugar synthesis and utilization occur in 

' iall cells and are fairly well understood : ^ 

Amino sugars make up over half the glycosamino- 
25 glycans of interstitial tissue that fills the spaces 
between cells and forms the cellular "glue" that binds 
cells together. This material is a gel-like matrix of 
collagen protein and glycosamino-glyccuis, holding cells in 
place eind regulating those substances which pass between 
30 cells, 

Amino sugars are also a major constituent of 
basement membranes; the tough, thin sheets which surroiind 
blood vessels and various tissues. These tissues control 
35 the nutrients and waste products that cross the cell 
membranes, supporting tissue structures and influence cell 
growth . 
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Certain disease processes appear to be related to 
abnormalities in the formation cuid utilization of amino 
sugars which are natural constituents of many tissues in 
the body. Since amino sugars are vital components for many 
5 tissues it is easy to rationalize that a reduction in the 
availability of amino sugars would lead to abnormal cellu- 
lar functions. Cell membranes, intercellular fluids, cell 
regeneration and overall tissue metabolism could all be 
affected. A deficiency in this fundamental building block 
10 in the body could lead to a variety of medical disorders. 

In U.S. Patent No. 5,262,310, granted November 
16, 1993, Isao Karube et al., discloses cuid claims a 
process wherein chitin-containing material is heat-treated 

15 in organic solvent, or in a solvent with water, and then 0- 
1,4 glycoside decomposing enzyme is added for decomposing 
the chitin-containing material by enzyme reaction. Alter- 
natively, chitin-containing material is ultrasonicated in 
organic solvent or in the solvent with water, euid then 

20 chitin-containing material is decomposed by enzyme reaction 
of /S-1,4 glycoside decomposing enzyme. Further, chitin- 

4 

containing material is exposed in the solution ccxiU;;;iaj^aci ^ 
urea eind/or surfactant, and then chitin-containing material 
is let co-exist with j3-l,4 glycoside decomposing enzyme 

25 under the presence or non-presence of urea and/or 
sixrfactant for decomposing chitin-containing material. In 
a further variation, at the time of exposing chitin-con- 
taining material in the solution containing urea and/or 
surfactant, the solution is heated and the i8-l,4 glycoside 

30 decomposing enzyme is added for decomposing chitin-contain- 
ing material. Specifically, the process comprises an 
enzymatic method of decomposing chitin, comprising: mixing 
the chitin with an organic solvent, thereby creating a 
chitin and solvent mixture, wherein the mixing step com- 

35 prises ultrasonicating the chitin cUid solvent mixture; 
heating the chitin and solvent mixture; and adding /S-1,4 
glycosidase to the mixture. 
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A number of Japamese patents disclose various 
methods of treating chitin, or chitin derivatives, with 
chitinase enzymes. 

5 Japanese Patent No. 5,084,087, April 6, 1993, 

discloses the release of N- acetyl -D-glucosaraine by treating 
a polysaccharide with acid chitinase induced with ethylene 
in azuki bean plcint . 

10 Japanese Patent No, 5,007,496, January 19, 1993, 

discloses the preparation of the oligosugar (highly 
polymerized heterooligo sugar of glucosamine and N-acetyl 
glucosamine, and monooligosugar of glucosamine) by 
hydrolysis of the partially deacetylated chitin by 

15 chitinase. The preparation is carried out in a dialysis 
membrane, by dialysis. Cation ion exchange chromatography 
is placed outside the membrane. The chitin is obtained 
from Crustacea or tricomonus. 

20 Japanese Patent No. 3,094,697, April 19, 1991, 

discloses a method comprising completely decomposing chitin 
oi chitosan into t^heir structural units. N-aceLyi glucosa- ^ 
mine and glucosamine using enzymes, and then determining 
the monosaccharide. The deacetylation degree of chitin and 

25 chitosan can be measxired readily with high accuracy. The 
enzyme preferably includes exo type jS-D-glucosoaminidase, 
/5-N-acetylhexosaminidase, chitosanase, chitinase, lysozyme, 
etc. The measurement of N-acetyl glucosamine and glucosa- 
mine is conducted using high speed liquid chromatography, 

3 0 color imetory , etc . 

Japanese Patent No. 2,031,685, February 1, 1990, 
discloses a method of producing monosaccharides character- 
ized by (a) treating starch and/or its hydrolyzate with 
35 endo-form polysaccharide-decon5)osing enzyme and (b) accumu- 
lating monosaccharide with high concentration. As poly- 
saccharide and/or its hydrolyzate starch and/or its hydro- 



wo 97/31121 



- 5 - 



PCT/CA^/00115 



lyzate, xylan and/or its hydrolyzate, mannan and/or its 
hydrolyzate, chit in and/or its hydrolyzate and galactan and 
its hydrolyzate can be used and as polysaccharide -decompos- 
ing enzyme, alpha -amylase, xylanase, mannase, chitinase and 
5 galactanase can be used respectively. The monosaccharide 
formed by the above combination is glucose, xylose, 
mannose, N-acetyl glucosamine or galactose. 

Japanese Patent No. 1,291,793, November 24, 1989, 
10 discloses endo-type chitinase production by cultivation of 
trichoderma AF6-T8 in liquid medium containing colloidal or 
fine particles, used to produce acetyl glucosamine. 

Japanese Patent No. 93,004,067, Jemuary 19, 1993, 
15 discloses the production of chitosan, N-acetyl glucosamine, 
etc. , by cultivating Flavobacterium MP-IC and/or Pseudomonas MP- 
ID strains in the presence of crustaceae shells. The 
chitin in the shell can purportedly be effectively 
decomposed and chitosan, N-acetyl-glucosamine, etc. can be 
20 prepared. Chit in -decomposing enzymes such as chitinase, 
chitobiase, chitin deacetylase and chitosanase can also be 
recovfcjred by f racticnatirig means sych »as ultraf iitracion, - ^J^^ 
etc. 

25 Japanese Patent No. 93,033,037, May 18, 1993, 

discloses N-acetyl -D-glucosamine preparation by hydrolyzing 
chitin to N-acetyl- chit o- oligosaccharide, and then further 
hydrolyzing with an enzyme. The method is characterized by 
(a) hydrolyzing chitin partially with acid and (b) treating 

30 the thus obtained mixture containing N-acetylchito-oligo- 
saccharides with the enzyme which hydrolyzes N-acetyl - 
chito-oligosaccharide as substrate . The lysozyme is 
chitinase, chitobiase, etc. They decompose N-acetyl chito- 
oligosaccharide to N-acetyl -D-glucosamine. 

35 
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Japanese Patent No. 94,032,605, May 2, 1994, 
discloses chitinase-producing Sfre^fDm/ces microorganism, used 
for the production of chitin degradation products. A 
microorganism of Str^tomyces produces chitinase. Preferable 
5 strains are Streptomyces sp. KE-406 (PERM P-8642) , Str^tomyces sp. 
KE-902 (PERM P-8643) eUid Streptomyces sp. KE-3332 (PERM P- 
8644) . They are all isolated from soil, Chitinase with 
high activity is produced by culture of a strain of 
Streptomyces. By using the chitinase, chitinase degradation 
10 products, e.g. N-acetyl glucosamine and 
chitooligosaccharide are produced efficiently. 

Chemical Abstract 115:230433 discloses that 
chitinolytic enzymes containing chitinase and /3 -N-acetyl- 

15 hexosaminidase from Nocardia orientalis IPO 12806 were 
immobilized on various carriers by different methods for 
the continuous production of N-acetyl glucosamine. The 
immobilized enzyme containing both enzymes prepared by 
physical adsorption to teumin-chitosan was very useful for 

20 N-acetyl glucosamine production. 

SUMMARY OP THE INVENTION 

We have discovered a process whereby N-acetyl -D- 
25 glucosamine can be produced directly from chitin. With our 
process , it is not necessary to proceed through cin 
intermediate glucosamine step. Thus, not only does our 
process enable N-acetyl -D-glucosaraine to be produced at 
considerably reduced cost, but the process is 
30 environmentally acceptable and friendly because orgsuiic 
solvents are not required (except for a re-crystallization 
step with alcohol) . 

35 The invention in one aspect is directed to a 

process for producing N-acetyl-D-glucosamine {2-acetamido- 
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2-deo3cy-D-glucose) which comprises enzymatically 
hydrolyzing chitin with an ensemble of chitinolytic 
enzymes. The ensemble of chitinolytic enzymes can contain 
at least one chitinase and one chitobiase produced and 
5 secreted from either a procaryotic or eucaryotic organism. 
The chitinase can be either an endo- or exo-0-1,4- 
glycanohydrolases (EC 3.2.1.14) , and the chitobiase can' be 
a ^-n-acetyl-glucosaminidase (HC 3.2.1.30) ()cnown also as 
an acetylamino deoxyglucohydrolase (BC 3.2.1.29)), or a /8- 
10 N-acetyl -hexosaminidase (EC 3.2.1.52) . 

The chitin can be obtained from the exoskeletons 
of Crustacea. The Crustacea can be Jcrill, shrimp, crab and 
lobster, or other suitable Crustacea. The chitinase and 
15 chitobiase enzymes which comprise the ensemble of 
chitinolytic enzymes can be obtained by fermenting chitin 
obtained from the exoskeletons of Crustacea with a selected 
organism to induce the production of at least one chitinase 
and one chitobiase . 

20 

The procaryotic organism can be a bacterial cell 
line .selected from the group consisting of SiYfaiia marcsScsris/ 
Streptomyces /Mdans and Entembacter liquefaciens . The eucaryotic 
organism can be a fungal cell line selected from the group 
25 consisting of Trichoderma harzanum and Myrothech/m verwcaria . 

The invention in another aspect is directed to a 
process for the production of an ensemble of chitinolytic 
enzymes which comprises: (a) introducing a chitin- 
30 containing substance into a fermentor or culturing vessel; 
(b) generating a culture by introducing an inoculum of a 
procaryotic or eucaryotic organism into the fermentor or 
culturing vessel to induce organism expansion and 
production of enzymes having chitinase or chitobiase 
35 activity; and (c) recovering of the ensemble of chitin- 
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degrading enzymes and chitobiose-degrading enzymes from the 
culture. 

The chitinase- degrading enzymes and chitobiase- 
5 degrading enzymes in the ensemble can be contained in cOi 
extracellular fluid. The enzymes can be recovered by 
passing the culture through a membrane separator or through 
a centrifuge to yield a filtrate solution containing the 
ensemble of chitinolytic enzymes which can contain at least 
10 one chitinase cund one chitobiase, Retentate from the 
membrane separator can be recycled back to the f ermentor or 
culture vessel. 

The invention in a further aspect is directed to 

15 a process for the production of N-acetyl -glucosamine 
comprising : (a) introducing a chitin-containing solid 
substrate, a defined carbohydrate -free media, and an 
organism which produces chit in -degrading and chitobiose- 
degrading enzymes when grown on chitin into a fermentor or 

20 culture vessel; (b) producing a culture by applying a 
culturing protocol which induces the organism to produce 
and secrete an ensemble, of chitinolv-tic enzymes, cont^iir 
at least one chitin- degrading enzyme (chitinase) and one 
chitobiose-degrading enzyme (chitobiase) ; (c) separating 

25 the ensemble of chitinolytic enzymes from other components 
of the culture; (d) mechanically or physico- chemically 
treating chitin-containing solids; (e) introducing the 
ensemble of chitinolytic enzymes of step (c) and the 
chitin-containing solids of step (d) into a chitin- 

30 hydrolysis reactor where the chitin component of a solid is 
hydrolyzed to N- acetyl -D-glucosamine; (f) separating the 
ensemble of chitinolytic enzymes and N-acetyl -D-glucosamine 
into a filtrate stream containing N-acetyl -D-glucosamine 
and a retentate stream containing the chitinolytic enzymes, 

35 

The chitinolytic enzymes comprising chitinase (s) 
and chitobiase(s) can be recycled to the chit in -hydrolysis 
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reactor. The chitin-hydrolysis reactor of step (e) can be 
a sequential two-stage reactor. The two-stage reactor can 
comprise a single unit in which a bottom portion of the 
working volume of the reactor can contain a packed-bed of 
5 chitin-containing solid through which an enzyme -containing 
mobile phase passes and wherein an upper portion is a 
sol ids -free aqueous solution containing chitobiose- 
degrading enzyme (s). 

10 The t\«>-stage reactor can also comprise two 

sequential reactors in which the first reactor can contain 
a packed-bed of chitin-containing solid through which an 
enzyme -containing mobile phase passes and wherein the 
second reactor can be a stirred tank containing a solids - 

15 free aqueous solution which is catalyzed by one or more 
chitobiose -degrading enzymes. 

The enzyme ensemble feed solution can be 
introduced into the bottom of the packed bed. The two- 

20 stage reactor can be maintained at a pH of between about 
5.5 and 7.5, and an isothermal temperature of between about 
30°C and £E^C. - The chitin-containing solids can b^- 
pretreated to increase external availability of chitin. 
The pretreatment can comprise ball-milling or hammer- 

25 milling or steam explosion or steam expansion of chitin- 
containing solids. 

The chitin-hydrolysis reactor of step (e) can be 
a semi-fluidized bed reactor. The ensemble of chitinolytic 
30 enzymes of process step (c) can be separated by a membrane 
filtration process. The chitinolytic enzymes and N-acetyl 
D-glucosaraine can be separated into a filtrate stream by an 
ultrafiltration process. 

35 The invention in a further embodiment is directed 

to a process for the production of N-acetyl -glucosamine 
comprising: (a) introducing a chitin-containing solid 
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substrate, a defined carbohydrate -free media, and an 
organism which produces chitin-degrading and chitobiose- 
degrading enzynies when grown on chitin into a fermentor or 
culture vessel; (b) producing a culture by applying a 
5 culturing protocol which induces the organism to produce 
and secrete an ensemble of chitinolytic enzymes containing 
at least one chitin-degrading enzyme (chitinase) and one 
chitobiose-degrading (chitobiase) enzyme; (c) separating 
the ensemble of chitinolytic enzymes from other components 

10 of the culture; (d) introducing the ensemble of 
chitinolytic enzymes and the chitin-containing solids into 
a chitin-hydrolysis reactor where the chitin component of 
the solids is hydrolyzed to N-acetyl-D-glucosamine; (e) 
separating the ensemble of chitinolytic enzymes and N- 

15 acetyl-D-glucosamine into a filtrate stream containing N- 
acetyl-D-glucosamine and a retentate stream containing the 
ensemble of chitinolytic enzymes • 

The invention in yet another aspect is directed 

20 to a process for the production of N-acetyl-D-glucosaraine 
comprising: (a) producing a chitinolytic ensemble of 
- enzymes using ci fermentation protocol according ^t:o the - ^"'-"" 
invention; (b) partially purifying the chitinolytic enzyme 
ensemble using a two-stage filtration or centrifugation 

25 system which allows chitin nutrients and cell mass to be 
recycled to a fermentor; (c) delivering and recycling the 
partially purified chitinolytic enzyme ensemble throughout 
the system; (d) introducing the enzymes cOid chitin 
containing solids into a chitin-hydrolysis bioreactor which 

30 contains a pretreated chitin-containing solid substrate and 
into which is fed an aqueous solution containing the 
partially purified chitinolytic enzyme ensemble; and (e) 
separating the N-acetyl-D-glucosaraine product from the 
enzymes and high-molecular-weight oligosaccharides in the 

35 bioreactor exit/recycle stream by a cross-flow 
ultrafiltration system. 
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The chitinase and chitobiase enzymes can be 
recycled to the chitin-hydrolysis bioreactor. The chitin- 
hydrolysis bioreactor can be operated in one of at least 
two basic configurations: (a) a single coltunn containing 
5 a packed bed of chit in- containing substrate in the lower 
portion and chitin-free (solids free) solution in the upper 
portion where the enzyme feed solution enters the bottom of 
the reactor and the product stream exits from the top, or 
(b) a sequential modular design in which the enzyme feed 

10 solution is first passed through a packed bed of chitin- 
containing substrate and the components which exit the 
column are then fed into a stirred tank reactor which 
yields the N-acetyl-D-glucosamine product. In the latter 
configuration, the enzyme feed solution can be introduced 

15 into either the bottom or the top of the packed bed. The 
reactor assembly can be maintained at a temperature between 
about 25*»C cUid 55®C and a pH between about pH 5.5 and 8. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 

In drawings which illustrate specific embodiments 

ofv the ^invent ion, butt which should not be . construed: as,,:-^.:J:^^^,, 
restricting the spirit or scope of the invention in any " r 

way: 

25 

Figures la and lb illustrate schematic flow 
sheets of two alternative ways to practice the process of 
the invention for the production of N- acetyl -D-glucosamine 
from chitin containing solids. 

30 

Figure 2a illustrates a schematic depiction of a 
bed packed chit in- hydrolysis bioreactor. 

Figxire 2b illustrates a schematic depiction of a 
35 continuous stirred- tank reactor. 
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Figure 2c illustrates a schematic depiction of a 
semi-f luidized bed chitin-hydrolysis bioreactor. 

Figure 3 illustrates a graphical depiction of 
5 typical growth and chitinase-activity production curves for 
the novel optimized fed batch culture protocol according to 
the invented process • 

Figure 4 illustrates a graphical depiction of 
10 measured N-acetyl-D-glucosaniine production rates as a 
function of operation time for the process of the invention 
as measured by high-performance liquid chromatography 
assays of the process stream leaving the top of the two- 
stage reactor. 

15 

Figure 5 illustrates a graphical depiction of 
measured activities, relative to that measured for 10 U/mL 
chitinolytic-enzyme-ensemble mobile phase which was 
initially introduced into the reactor, for the chitinase 
20 enzymes and for chitobiase in the process stream leaving 
the top of the two- stage reactor as a function of operation 
■■time. ■ . . ■ ■• ■ ■, - . ^..'^^^ 

Figure 6 compares a chromatogram of the N- acetyl - 
25 D-glucosamine product recovered from the filtrate stream of 
the final cross-flow filtration with a standard solution 
containing N- acetyl -D-glucosaraine, chitobiose and 
chitotriose . 

30 Figure 7a illustrates growth curves for Serrada 

marcescens lO'li fed-batch (minimal media) grown on glucose and 
7-L batch fermentations at 30*>C. 

Figure 7b illustrates chitinase production for a 
35 batch fermentation using chitin as the sole carbon source 
and for a fed-batch (lO-L) fermentation using glucose as 
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the initial carbon source and inducing with chitin at 
early- stationary phase growth, 30**C. 

Figure 8a illustrates the effect of chitin source 
5 on chitinase production in S. marcescens batch culture, 30*»C. 

Figure 8b illustrates cell growth in batch 
culture of S. marcescens grown on crab and shrimp chitin, 30®C- 



10 Figure 9a illustrates the effect of chitin 

particle size on chitinase production, batch culture 1.5% 
chitin, 30®C. 

Figure 9b illustrates the effect of crab-shell 
15 chitin pretreatment on chitinase production in batch 
culture, 1.5% chitin, 30«*C, 300 /im particle size (except 
colloidal chitin) . 

Figure 9c illustrates the effect of steam 
20 explosion pretreatment on chitinase production. 

Figure 10 illuaitrates relative chitinase (bperi 
bar) cOid chitobiase (shaded bar) activities in crude 
extracts from S. marcesmts cultures which were determined using 
25 p-nitrophenyl-j8-D-N,N' -diacetylchitobiose andp-nitrophenyl 
N-acetyl-/8-D"glucosaminide respectively. Activity is shown 
in units/ml (i.e. /xmoles of p-nitrophenol/min/ml) . 

Figure 11 illustrates HLPC chromatogram of 
30 hydrolysis products from swollen colloidal chitin treated 
with S. marcescens chitinases. 1% swollen chitin was incubated 
at 37<>C for 2 hr. with an aliquot of 5. morccycCTtr supernatant 
from a 179-hr. culture. The retention times of the 
different chitooligoraers were established by rvmning pure 
35 standards. Peak 1: NAG; Peak 2: chitobiose; Peak 3: 
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chitotriose. Peaks were detected by measuring the 
absorbance at 210 lun. 

Figure 12 illustrates graphically the respective 
5 effects of pH and tenperature on chitinase activity. 1 
hour reaction, 0.125% swollen, colloidal chitin as 
substrate, 149-hr. crude extract from S, marcescms culture. 

Figure 13 illustrates graphically the stability 
10 of chitinases and chitobiase at different temperatures 
using 149 hr. crude extract from S. marcescens culture. 

Figure 14 illustrates an Arrhenius plot for 
chitin hydrolysis catalyzed by chitinases incubated for 
15 different times in colloidal chitin. 

Figure 15a illustrates assays of chitinase (■) 
and chitobiase (♦) in the presence of increasing amounts of 
N-acetyl-D-glucosamine (NAG) . The activity values are 
20 expressed as percentage of the initial uninhibited values 
( [NAG]=0) . 

Figure 15b illustrates assays of chitobiase from 
S. marcescens crude extracts using a range of p-nitrophenyl N- 
25 acetyl -jff-D-glucosaminide concentrations with or without the 
addition of a fixed amount of N-acetyl-D-glucosamine (NAG) . 
(■) 0.00 mM NAG; (•) 0.21 mM NAG; (A) 0.42 mM NAG; (v) 0.83 
TOM NAG; and (♦) 1.67 mM NAG. 

30 Figure 16 illustrates a graphical plot of N- 

acetyl-D-glucosamine (NAG) concentration versus reaction 
time for chitin which has been hammer-milled, ball-milled, 
steam-exploded and ball-milled, steam-exploded with acid 
and ball -milled cind treated with dimethyl acetamide. 
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DETAILED DESCRIPTION OP THE INVENTION 

A new process is described for the economical 
production of N- acetyl -D-glucosamine (NAG) by enzymatic 
5 hydrolysis of chitin by chitinolytic enzymes chitinase 
(chitin glycanohydrolase , EC 3 . 2 . 1 . 14 ) and chitobiase 
(acetylaminodeoxyglucohydrolase , EC 3 • 2 . 1 . 2 9 ) produced and 
secreted from bacterial cell lines. 

10 This new invention involving N-acetyl-D- 

glucosamine production technology utilizes the cibundcuice 
and low cost of chitin in nature. Chitin is a /5-1, 4-linked 
unbranched polymer con^>osed primarily of N-acetyl-D- 
glucosamine. It is the second most ctbxmdcint polymer (after 

15 cellulose) occurring in nature. Like cellulose, chitin is 
a structural polysaccharide whose natural sources include 
the exoskeletons of arthropods and the cell walls of many 
fungi. The primary commercial source of chitin is crab and 
shrimp shells; some global estimates of the total chitin 

20 content in shellfish waste are in the range of 1.2 x 10* 
metric tons per annum. In British Columbia, shrimp-shell 
waste per annum is estimated at 10,000 metric tons; Most 
of this chitinaceous waste is currently land- filled after 
steam sterilization. (In contrast, Japan is estimated to 

25 annually produce and process cibout 10^ kg of chitin for 
industrial use . ) 

The new process of the invention provides an 
economically viable alternative to current environmentally- 
30 unattractive chitinaceous -waste disposal procedures: 
bioconversion of shrimp-shell and crab-shell waste (for 
which provincial sterilization and land-filling costs are 
substantial) to N-acetyl -D-glucosamine, a moderately high- 
value therapeutic with a large potential world market. 

35 

Because of its inherently mild operating condi- 
tions, enzymatic hydrolysis of chitin is an attractive 
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method for producing N- acetyl -D-glucosamine from chitina- 
ceous waste. Microorganisms use a consortium of lytic 
enzymes to convert chitin to N-acetyl-D-glucosaraine. The 
dimer, chitobiose, can be obtained by the action of exo- 
5 and endochitinases on chitin; chitobiase then cleaves 
chitobiase to give two molecules of N-acetyl-D-glucosamine. 
The specificity of these enzymes ensures that N-acetyl-D- 
glucosamine is the ultimate hydrolysis product. An at- 
tractive feature of this bioprocess is the potential for 

10 additional profits through sale of purified chitinase and 
chitobiase, which are produced and secreted by the (chosen) 
microorganism in the presence of chitin. Natiiral sources 
of chitinases include snails, Crustacea, insects, 
vertebrates, and bean seeds. However, the most convenient 

15 sources of chitinases, from a processing point of view, are 
microorganisms . 

20 Historically, progress in chitinase research has 

been intimately linked with advances in cellulase research. 
As with the chitinases, . the cellulasGS of ten act .synexgi^-- 
tically and become strongly adsorbed to their insoluble 
substrate as a precursor to hydrolysis of cellulose to 

25 soluble sugars [Muzzarelli, R.A.A. (1985) , Ch. 6 in: 
Aspinall, G.O. (ed.) The Polysaccharides , Academic Press, 
N.Y.)] . As a result, many of the tools and concepts used 
in the development of this invention of a process for N- 
acetyl -D-glucosamine production are drawn from earlier 

30 technologies utilizing a cellulase ensemble of hydrolytic 
enzymes for soluble sugar production. Additional concepts 
were drawn from the process proposed by Cosio et al . 
[Cosio, I.G., Fisher, R.A., and Carroad, P. A. (1982), J. Food 
ScLr 47, 901-905] , for the production of single-cell protein 

35 and ethanol from bioconversion of shell-fish. waste. 
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Two alternative forms of the process of the 
invention for producing N-acetyl-D-glucosamine from chitin 
are illustrated in the schematic flowsheets of Figures la 
and lb. An aliquot of shellfish exoskeleton or chitin is 
5 fed as a carbon source (and inducing agent) to a fermentor 
containing an inoculum of a selected chit inase -producing , 
organism in esqjonential -phase gro%rt:h. The introduction of 
chitin to the cell suspension induces production of an 
ensemble of two or more chitinases euid chitobiase, which 

10 are secreted by the growing cells to the extracellular 
fluid. The chit in -degrading enzymes are recovered from the 
fermentation broth containing cells, chitin containing 
particles, the chitinblytic enzyme ensemble (chitobiase and 
at least two chitinases) , a small concentration of N- 

15 acetyl -D-glucosamine, and oligomers of N-acetyl-D- 
glucosamine by passing the broth through either a membrane 
separator or a continuous centrifuge to yield a solution 
containing chitinolytic enzyme ensemble in the filtrate. 
The retentate containing viable cells and chitin may be re- 

20 cycled to the fermentor for further cell growth, and 
chitinolytic enzyme production. The retentate will also 
^ contain a residual amount of enzyme since adsorption , of v^^v/^^i^ 

chitinase enzymes to chitin is the initial step in the ' 
hydrolysis reaction. 

25 

The chitinolytic enzyme containing filtrate 
solution may then be concentrated and further purified by 
one of the following methods: (a) membrane ultrafiltration 
where the nominal pore diameter of the membrane is suffi- 

30 ciently small to retain each enzyme in the chitinolytic 
enzyme ensemble, or (b) mixing the crude chitinolytic 
enzyme containing filtrate solution with an aqueous chitin 
dispersion or slurry in a solid- liquid separator fixed at 
a temperature low enough that the free enzymes bind to the 

35 chitin but do not hydrolyze it to any appreciable extent. 
Evidence that chitinases bind to chitin but do not 
hydrolyze it appreciably at low temperatures has been 
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provided by Cadbib [Roberts, R.L., and Cabib, E. (1982), AnaL 
Biochem. 127, 402-412] and through additional results from 
the applicEuits' laboratory • In method (b) , the solid 
chitin/enzyme complex is settled, separated from the 
5 residual nutrient solution, washed, and then fed to a 
chitin-hydrolysis bioreactor where the chitin is 
enzymatically hydrolyzed by each chitinase and then by 
chitobiase to produce N-acetyl-D-glucosamine. 

10 For the version of the invented process 

illustrated in Figure la, where the chitinolytic ensemble 
of enzymes is concentrated and further purified by membrane 
ultrafiltration, the concentrated solution containing the 
chitinolytic enzyme ensemble may then be introduced into 

15 either of the chitin-hydrolysis bioreactor configurations 
shown in Figures 2a or 2b. In either configuration, the 
enzyme solution first passes through a packed bed of chitin 
onto which each chitinase enzyme adsorbs through a binding 
reaction between the insoluble chitin and a chitin binding 

20 domain found on either the N^terminus or C-terminus of the 
enzyme. Chitobiase, which is not a chitinase and is not 
known tb contain a chitin binding domain, does not bind the " 
solid (chitin-containing) phase and passes through the 
packed bed along with the solvent. Thus, the packed-bed 

25 reactor becomes progressively enriched in chitinase enzymes 
as the chitinolytic-enzyme-ensemble feed solution is passed 
through the column. The boimd and free chitinases within 
the volume of the packed bed catalyse the hydrolysis of the 
chitin component of the insoluble particles to soluble low- 

30 molecular-weight oligosaccharides of N-acetyl-D- 
glucosamine, which are then transported out of the bed by 
the mobile phase. 

The mobile-phase fluid exiting the packed-bed 
35 (portion of) the reactor is enriched in chitobiase, which 
does not bind to the solid-phase of the packed bed, and 
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contains a mixture of N-acetyl-D-glucosamine and soliable 
low-molecular-weight oligomers of N-acetyl-D-glucosamine. 
The homogeneous chitobiase-enriched aqueous-phase component 
of the bioreactor, which may either be a free -volume 
5 continuation of the packed-bed reactor (Figure 2a) or a 
separate continuous stirred-tank reactor (Figure 2b) , 
provides the necessary residence time for the excess of 
chitobiase to catalyze the complete hydrolysis of the 
soluble oligosaccharides to N-acetyl-D-glucosamine. This 

10 novel reactor configuration offers a number of distinct 
advantages. Chitinase activity is noncompetitively 

inhibited by the end-product N-acetyl-D-glucosamine. The 
relatively low concentration of chitobiase in the packed- 
bed portion of the reactor ensures that N-acetyl-D- 

15 glucosamine are low and production rates of soluble 
oligosaccharides are high in the packed bed. The 
relatively high concentration of chitobiase in the second 
homogeneous aqueous -phase portion of the reactor then 
ensures that all of the soluble oligosaccharides exiting 

20 the packed bed are converted to N-acetyl-D-glucosamine. As 
a result, both N-acetyl-D-glucosamine production rates and 
yields , are significantly higher in the .invented process 
than in any other process tested. 

25 Final separation of the N-acetyl-D-glucosamine 

product from the chitinolytic enzymes (chitobiase and all 
chitinases) is achieved by cross-flow membrane 
ultrafiltration designed so that the N-acetyl-D-glucosamine 
exits with the filtrate and all of the enzymes are 

30 retained- To facilitate further production of N-acetyl-D- 
glucosamine, a portion of the enzyme ensemble is recycled 
to the inlet of the chitin-hydrolysis bioreactor; the 
remainder is isolated by a precipitating agent, which may 
be ammonium sulfate, to give a commercial -grade preparation 

35 of the chitinase ensemble of enzymes. 
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The process outlined in Figure la involves five 
essential unit ox>erations: (1) the fermention system 
required for both cell growth and production of the 
chitinolytic enzyme ensemble; (2) the chit inolytic- enzyme 
5 containing supernatant recovery system, which may involve 
filtration, centrifugation £ind/or adsorption; (3) physical 
and novel thermo- chemical processes for pretreatment of 
chit in -containing substrates to improve chitin exposure cuid 
hydrolysis rates ; (4 ) the two-stage chitin-hydrolysis 

10 reactor; and (5) the final purification system providing N- 
acetyl-D- glucosamine and a commercial -grade preparation of 
the chitinase ensemble of enzymes. Examples illustrating 
the unique features of these unit operations which 
distinguish the applicants' N- acetyl -D-glucosamine 

15 production technology from einy related technologies are 
provided below. 

(1) Defined Fed-Batch Fermentation of Chitinase -Producing 
Bacteria Using Chitin or Crustacea Exoskeleton as the 
20 Sole Carb on Source: 

A niunber of bacteria^. includin9\ iryarcescews,. 
and Strq>tomyces Uvidans , and fungi, including Trichoderma harzianum 
and Myrothecium verrucaria, produce chitinase and chitobiase at 

25 apprecicible levels. All of these organisms secrete 
chitinase cUid chitobiase to the extracellular fluid and 
thereby provide a route for continuous recovery of the 
lytic enzyme ensemble. However, enzyme production levels 
and the efficacy of the enzymes in degrading chitin vary 

30 among chitinase-producing bacteria. 

Example 1 

Factorial shake -flask experiments were used to 
35 screen a total of 22 microorganisms for chitinolytic 
activity when grown on a minimal media containing ball- 
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milled crab shell as the only carbon source. Selection of 
the microorgcoiisms in our screening study was based on 
earlier studies by Reynolds, Berger and Reynolds, and 
Monreal and Reese [Reynolds, D.M. (1954) , J. Gen, Microbiology, 
5 11, 150; Berger, L.R., Reynolds, D.M. (1958), Biochim. Biophys. 
Acta., 29, 522; Monreal, J., and Reese, E.T. (1969), Can. J, 
i\^icrobioL, 15, 689-696] which identified these organisms as 
exceptionally active on chitin substrates. The shake-flask 
studies indicated that Serratia marcescens is among the most 
10 active microorganisms at degrading raw ball-milled chitin. 
Growth rates for Senatia marcescens QM B1466 raised on chitin 
were at least 30% higher than those for Enterobacter liquefaciens , 
the microbe showing the next highest chit ino lytic activity. 

15 Example 2 

Media components essential for growth of S. 
marcescens have been determined from a series of 144 
factorial shake flask cultures. Optimal compositions for 
20 inocula and base -fermentation media, as well as the feed 
solution, composition for fed-batch fermentations, have 
then been determined using a 3' factorial design of shake 
flask cultures in which ball -milled crab- shell chitin 
serves as the sole carbon source. 

25 

These optimized media were then applied to the 
development of a fed-batch f erroentation and induction 
protocol of S. marcescens culture. Typical growth and 
chit inase- activity production curves for the optimized fed- 

30 batch culture are shown in Figure 3. Based on a \init 
activity of 1 mg N-acetyl-D-glucosamine produced per hour 
from a colloidal chitin substrate, chit inase activity in 
the final culture exceeded 105 U/ml, which represents a 
greater thcui five- fold increase in volumetric production of 

35 the chitinolytic enzyme ensemble over any previous 
fermentation strategy. In our fed-batch fermentation 
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system, increases in dissolved oxygen, indicating 
exhaustion of available carbon source in the reactor, are 
used to control additions of the chitin-containing feed 
solution to the reactor. The pH and temperature of the 
5 reactor may also be controlled for maximum cell growth cind 
chitinolytic enzyme yield. 

Chitin or Crustacea exoskeleton is periodically 
added to the fermenter in the form of a sterilized aqueous 
10 slurry of pretreated particles of nominal diameter between 
50 and 300 fim. Chitin concentrations in the fermentor have 
been optimized such that chitin remains the growth limiting 
nutrient throughout the fermentation which lasts up to six 
days. 

15 

(2) Recovery and Concentrat ion of Chitinolvtic-Enzyme 
Containing Sup ernatant: 

Two chitinases, chitinase A and chitinase B, and 
20 chitobiase- are the major extracellular enzymes produced 
when the bacterium Serratla marcescens is grown on chitin or 
chitin-containing Crustacea exoskeletons, Vogetber.;^ these 
enzymes represent over 70% of the total protein content in 
the supernatant when the four to six day culture induction 
25 period is complete. Production of N-acetyl-D-glucosamine 
does not require further purification of the chitinolytic 
enzyme ensemble beyond removal of the insoluble cell matter 
and, in some cases, concentration of the supernatant. 

30 We have developed a number of systems for separ- 

ating cuid concentrating the chitinolytic -enzyme containing 
supernatant from our S. marcescens cultures. Binding of 
chitinase to chitin at 4<*C reaches saturation within 15 
minutes and results in a homogeneous colloidal chitin/ 

35 enzyme slurry containing ca. 7 mg of chitin/enzyme complex 
per mL, dry weight. Chitobiase also binds chitin at 4<*C, 
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but with a much lower affinity • Thus, if necessary, 
affinity binding to insoluble chitin CcUi be used to par- 
tially separate and concentrate chitinase A and B from the 
supernatant enzyme ensemble. 

5 

In the more common case where separation of the 
chitinolytic enzyme ensemble is not required, we have 
validated two methods, two-step cross-flow filtration and 
continuous cent rifugat ion, for separating and concentrating 

10 the enzyme solution, both of which are amenable to continu- 
ous systems containing solids. Compared to centrifugation, 
cross -flow filtration is more attractive because of its low 
cost. We have optimized a two-stage cross-flow filtration 
system where the (essential) first stage contains a 0.2-^^ 

15 filter designed to remove cells and any residual chitin 
from the supernatant stream, and the (optional) second 
stage contains an ultrafiltration membrane designed to 
concentrate the chitinolytic -enzyme ensemble and remove low 
molecular weight contaminants prior to loading in the 

20 chitin-hydrolysis reactor. 

: . .BxQskeleton Pretireatme nt Svs terns to Improve Enzyme and . 

N-acetvl-D-aluc osamine Production; 

25 The results we have obtained indicate that both 

the rate of chitinolytic enzyme production in the f ermenter 
and the rate of N-acetyl-D-glucosaraine production in the 
chitin hydrolysis reactor are influenced by the properties 
of the chitin-containing crustacea-shell petrticles. Of 

30 particular importance is the total surface area of chitin 
per particle available for binding chitinase A and B. The 
effect of chitin source (eg. crab, shrimp, etc.) has also 
been investigated and found to influence both chitinase and 
N-acetyl-D-glucosamine production as well, primarily due to 

35 the natural variance in chitin content. Comparison of 
chitin source indicated that chitinolytic -enzyme production 
is highest in S. marcescens cultures grown on permanganate- 
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washed and cleaned crab shell. Chitinases are also pro- 
duced in cultures grown on cleaned spot-tail shrimp shells, 
but are essentially undetectable in oyster- shell, mushroom- 
chitin, and beetle-chitin containing cultures. 

5 

We have explored a number of pretreatment methods 
including mechanical methods, such as ball milling and 
hammer milling to increase the external siirface area, and 
physico-chemical methods, such as autoclaving and steam 

10 exploding (Parr Bombing™) to swell the crab-shell particles 
and thereby increase the intraparticle surface area. 
Treatment with dimethyl- ace timide and weak-acid cosolvents 
was also explored with the idea of swelling the crab- shell 
particles through disruption of the interchain hydrogen- 

15 bond structure. 

Figure 16 illustrates a graphical plot of N- 
acetyl-D-glucosamine (NAG) concentration versus reaction 
time for chitin which has been hammer-milled, ball-milled, 
20 steam-exploded and ball -milled, steam- exploded with acid 
and ball-milled and treated with dimethyl acetamide. 

Examole 3 

25 A most promising pretreatment method, as shown in 

Figure 16, is steam- explosion of ball-milled chitin 
containing particles of nominal dieuneter ranging between 50 
/im and 500 /im. The steam- explosion gun can be operated 
over a pressure rcuige of 20 to 2000 psig, a temperature 

30 range of ambient to AOO^C, and volumetric flowrates up to 
20 L s**. Our studies on an aqueous solution containing 20% 
(w/v) ball-milled shrimp-shell chitin expanded through the 
steam gun at an inlet pressure of 500 psig and a tempera- 
ture of 160**C, resulted in an order of magnitude increase 

35 in the rate of N- acetyl -D-glucosamine production when 1 mg 
of treated (vs. untreated) shrimp-shell chitin was con- 
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tacted with 1 U of chitinase activity for 1 hour at 30^C 
and pH 6.5. 

Example 4 

5 

Similar results have been obtained in a batch 
Parr Bomb™ process where well -stirred chit in -containing 
particles are incubated with high-pressure steam for 
between 1 and 2 hours and then blown out a pressure-relief 

10 valve to expand the solvent -impregnated particles. Both 
the steam gun cind the Parr Bomb™ technologies were 
originally designed for treatment of cellulosic materials 
including wood and, to our knowledge, have never been 
applied to the treatment of chitin andc chitin-containing 

15 natural substrates. 

A number of chemical pretreatments compatible 
with the steam grun or Parr Bomb,™ including dimethyl 
acetimide and 0.1% sulfuric acid, have also been investi- 

20 gated. In the chitinase production studies, treatment of 
ball-milled crab-shell chitin with dimethyl -acetimide and 
weak-acid cosol vents, which are,- thoug]4,c to ^iffetl"}: ^Qhitiri: 
through disruption of the interchain hydrogen-bond struc- 
ture, resulted in small (2% to 5%) increases in chitinase 

25 activity. 

(4) Two-Staae Bioreactor for the Production of N-acetyl-D- 

qlucQ{?^itp.n^ lar Enzyma<:jLc ]ffydxrp3,ysA^ C]hii,tin- 

contftifiinq Solids: 

30 

The design of the described invented reactor is 
based on a series of fundamental data collected in the 
laboratory which determine: (1) the solution conditions 
where the chitinolytic-enzyme ensemble shows maximum 
35 activity, (2) the effects of chitin source and pretreatment 
on N-acetyl-D-glucosamine production rates, (3) the 
stability of the enzyme -ensemble as a function of solution 
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pH and temperature, cuid (4) the existence, degree cuid 
mechanism of enzyme inhibition caused by one or more of the 
hydrolysis products. We have addressed each of these 
issues and used the results as a basis for design of a 
5 novel effective chitin-hydrolysis bioreactor. 

Example 5 

Maximum hydrolytic activity of the chitinolytic- 
10 enzyme ensemble recovered from supematants of S. marcescens 
cultures was found between pH 6 and 7 from 45**C to 49®C. 

As detailed in Examples 3 and 4, steam explosion 
of shrimp- shell or crab- shell particles milled to a nominal 
15 diameter between 50 ^m and 500 /xm yields maximum N-acetyl- 
D-glucosamine production rates among the various chitin 
sources and pretreatroent methods explored . However , the 
process can be applied to all chit in -containing substrates 
in any form at any level of pretreatment . 

20 

Half -lives of chitinase and chitobiase activity 
iii chit inoiytic -enzyme ensensbie solutions recovered fxoni «S.v 
marcescens cultures are 3.8 days and 2.7 days, respectively, 
at 40<»C and pH 6.5; the half -lives drop to 2.6 days and 1.7 
25 days when the temperature is raised to 45® C. 

Total chitinase and chitobiase activities are 
noncompetitively inhibited to an extreme of 30% maiximum 
activity by the desired hydrolysis product N-acetyl-D- 
30 glucosamine. 

These results indicate that chitin hydrolysis 
rates will be highest in a reactor maintained near pH 6.5 
and 40**C which controls the concentration of N-acetyl-D- 
35 glucosamine in the reactor such that it is maximized at the 
outlet of the reactor but remains at sub- inhibitory levels 
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in (at least nruch of) the remainder of the reactor. Two 
reactor configurations meet these criteria: (1) a packed- 
bed reactor, where the mobile phase carries the 
chitinolytic enzyme ensemble and the hydrolysis products 
5 through a packed bed of chitin containing solid particles, 
and (2) a f luidized-bed reactor where the upward velocity 
of the mobile phase partially or fully suspends the chitin- 
containing particles in the flow field. 

10 The packed-bed reactor, two configurations of 

which are shown in Figures 2a and 2b, offers the advantages 
that the concentration of chitin in the reactor is 
maximized and the flow profile and flow rates through the 
bed can be adjusted to maximize chitin hydrolysis rates. 

15 

The fluidized-bed reactor illustrated in Figure 
2c increases the available chitin surface area per particle 
and lowers pumping requirements, by diminishing the 
pressure drop across the bed, ,at the expense of increasing 
20 end-product inhibition effects in the reactor. 

--^ Example 6 ^-h 4 

The two-stage chitin-hydrolysis bioreactor 
25 according to the invention maintains high rates of chitin 
hydrolysis and provides N-acetyl-D-glucosamine as the only 
substantial final reactor product- Two possible 

configurations of the invented bioreactor are shown in 
Figures 2a and 2b. Focxising the illustrative discussion on 
30 the configuration shown in Figure 2a, we have designed a 
novel reactor for N-acetyl-D-glucosamine where the bottom 
ca. two- thirds of the working volume of the reactor is a 
packed bed of chitin containing particles. The mobile 
phase containing the chitinolytic enzyme ensemble passes 
35 upward through the bed. When the enzyme ensemble comes 
into contact with the chitin, the chitinases adsorb and 
catalyze the hydrolysis reaction; N-acetyl-D-glucosamine 
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and solxible oligosaccharides are released and accumulate 
with increasing distance travelled up through the packed 
bed. This concentrated mixture of N-acetyl-D-glucosamine 
and soluble oligosaccharides then enters the upper ca. 1/3 
5 of the reactor, which contains no insoluble chit in and is 
relatively enriched in chitobiase since it is the only 
member of the chitinolytic enzyme ensemble which does not 
adsorb to chitin. The volume of and liquid residence time 
in this insoluble-chitin-free portion of the reactor are 
10 set such that all of the soluble oligosaccharide which 
exits the packed-bed portion of the reactor is completely 
hydrolyzed to N-acetyl-D-glucosamine, making N-acetyl-D- 
glucosamine the only sugar product of the two- stage 
reactor . 

15 

The enzyme feed solution enters the bottom of the 
packed bed where substrate concentrations are highest and 
N-acetyl-D-glucosamine concentrations are at a minimum. 
Thus, as with any packed-bed reactor, N- acetyl -D- 
20 glucosamine production rates are maximized near the column 
inlet and steadily decrease with increasing upward distance 



through the column whi^h corxesponds tc>, increasing N- , . ..^^^ 




acetyl -D-glucosamine concentration in the column . The 
reactor is maintained at pH 6.5 and an isothermal reactor 
25 temperature between 35**C and SO^C. Action of the enzyme 
feed solution on ball -milled chit in appears to yield only 
N- acetyl -D-glucosamine and no appreciable amoxmts of higher 
chi to- oligomers in the product stream. 

30 The enzyme catalyst stream is continuously 

recycled to the reactor inlet after removing the N-acetyl- 
D-glucosamine product by continuous cross-flow filtration 
across a 10 kD MW cutoff membrane. Additional enzyme is 
added to the feed stream to compensate for enzyme deactiva- 

35 tion with time* Pretreated Crustacea shell particles are 
added to the top of the bed either continuously or semi- 
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continuously to maintain an optimum chitin concentration in 
the reactor* 

(5) Final Puri f i r^ation of N-ac etvl -D-olucosamine and 

5 Chitinolytic En zyme Ensemble: 

A continuous cross-flow ultrafiltration system is 
used to separate the N- acetyl -D-glucosaraine product from 
the chitinolytic-enzyme ensemble. The enzyme ensemble is 

10 retained by the filter and can either be recycled to the 
bioreactor or recovered . The N- acetyl -D- glucosamine 
product in the filtrate stream has a purity greater than 
98% (w/v) . No protein contaminants are detactable. The 
primary oligosaccharide contaminant is chitobiose, A 

15 variety of precipitating agents, including ammonium 
sulfate, can be used to recover a semi -crystalline N- 
acetyl-D-glucosamine powder from the filtrate solution. 



20 



30 



35 



Verification of N-acetvl-D-alucos amine Production 



The process of the invention is currently capable 
of producing N- acetyl -D-glucoB&TiinG , at ?.n average rate of 
78 {± 7) g hr-^ in the configuration shown in Figure la 
with a two-stage reactor of the type shown in Figure 2a. 
25 The fermentation is carried out between pH 7 and 8 at 30 "^C, 
producing 101 (± 6) U/mL of chitinase activity. The 
chitinolytic enzyme ensemble is then purified by a 
continuous two- stage membrane filtration and diluted ten- 
fold to a bioreactor feed concentration of 10 U/raL 
chitinase activity. The two-stage bioreactor has been 
operated continuously over a ten day period, reaching 
steady-state production levels after 28 hours, and 
producing a greater than 98% purity N-acetyl-D-glucosamine 
product from that time iintil the process was terminated. 



Figure 4 showns measxired N-acetyl-D-glucosamine 
production rates as a function of operation time for the 
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process of the invention as measured by high-performance 
liquid chromatography assays of the process stream leaving 
the top of the two-stage reactor. Figure 5 shows measured 
activities, relative to that measured for 10 U/mL 
5 chitinolytic-enzyme-ensemble mobile phase which was 
initially introduced into the reactor, for the chitinase 
enzymes and for chitobiase in the process stream leaving 
the top of the two-stage reactor as a function of operation 
time. The initial absence of chitobiase activity in the 

10 reactor outlet stream is consistent with the void volume of 
the reactor. The absence of chitinase activity in the 
reactor outlet stream provides evidence that chitinase 
enzymes adsorb to the chit in in the packed bed of ball- 
milled shrimp shell particles. After 28 hours of 

15 continuous operation, the shrimp shells become saturated 
with adsorbed chitinase enzymes euid a steady-state level of 
chitinase activity is recorded in the reactor outlet 
stream. Figure 6 compares a chroraatograra of the N-acetyl- 
D-glucosamine product recovered from the filtrate stream of 

20 the final cross-flow filtration with a standard solution 
containing N-acetyl-D-glucosamine, chitobiose, chitotriose, 
and cbitotetraose. N- acetyl -D-gluccsamiht:^ is the only 
detectable product from the process of the invention. 

25 Example 7 

Laboratory Materials and Methods 

Practical -grade crab- shell chitin was obtained 
from Sigma Chemicals Inc. (St. Louis, MO). Shrimp and 
30 oyster shells were obtained from local shellfish processing 
plants. All salts and solvents were purchased from BDH 
Chemicals Inc. 
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Serratia marcescau OM B1466 Culturea 

Streak cultures of S. marcescens QM B1466 were 
maintained on nutrient agar (0.8% nutrient broth, 1.5% 
; agar) (Difco Laboratories, Detroit, MI) at 4«»c and 
transferred every 2 weeks. Original plates were prepared 
by streaking from glycerol stock (stored at -70 'C) and 
incubating at 30»C for 24 hours. 



10 



25-raL inoculum cultures of S. marcescens contained 
YEPD medium at concentrations of 1 wt% yeast extract 
(Difco), 2 wt% peptone (Difco), and 2 wt% glucose (BDH 
Inc., Toronto, Canada) . A first inoculum culture was grown 
overnight at 30-0 and pH 7.0 and used to inoculate a second 
15 identical culture. This culture was grown at identical 
conditions for 3 hours, at which time the culture was in 
full exponential growth. 



20 



Batch shake -flask culture experiments were 
performed in 125 -mL shake flasks containing 15 g/L 
practical grade crab-shell chitin, 0.5 g/L yeast extract 
V. .(Difco) 1.0.,g/L (Ka4)2S04, -0.3 g/L MgS04,"'^id 1 . 36 ^/l kK2p64' * 

(Monreal and Reese, 1969). The pH of the medium was '^^ 
adjusted to 8.5 width l.O-M NaOH before steam 
25 sterilization. All shake-flask cultures were inoculated 
(1%) with the second (3 hour) inoculum culture. 

SvUbstratR P reparation 



30 



Washed crab, shrimp and oyster shells (containing 
chitin) were processed in one or more of the following 
ways: (1) ball-milling, (2) autoclaving of a 2% chitin 
suspension in either distilled water, 1% (v/v) sulfuric 
acid, or 1% (v/v) N,N-dimethyl-acetaraide (DMA), a reported 
35 solvent for chitin (Austin, 1988). and (3) steam-explosion 
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of a 2% chitin suspension in either distilled water or 1% 
(v/v) DMA. 

Crustaceal exoskeletons were ball -milled for 3 
5 hours in a Morton three -tier jar mill containing thirty 2- 
cm diameter buriindum balls per 50 grams of crab shell. 
Ball-milled crab-shell particles ranged in size from ca. 40 
/im < nominal diameter < 400 ^m and were sieved on a shaker 
assembly to obtain five size fractions, each covering about 
10 an 80 ^m nominal particle diameter range. Ball-milling of 
both shrimp and oyster shells resulted in a fine powder of 
less than 50 /im nominal diameter and no further size 
fractionation was performed. 

15 Autoclaving of sieved crab-shell chitin solutions 

was performed for 20 minutes in a Market Forge Sterilmate 
operating at a steam temperatiire of 121**C. Steam ea^plosion 
of sieved crab-shell chitin was performed in a 316 
stainless steel Parr™ model 4522 2-L reactor (Parr 

20 Instrument Co., Moline IL) . Chitin slurries were heated to 
a desired temperature (either 190 or 225«>C) and the 
resulting ste^ pressure, held „ there fpr^JL(>^i^ 
then rapidly expanded to atmospheric pressure through a 
ball -type discharge valve. Autoclaved and steam- exploded 

25 chitin samples were centrifuged and twice washed with 
excess volumes of distilled water before being used in 
batch culture experiments. 

Swollen chitin was prepared according to the 
30 method of Berger and Reynolds, 1958. Ball-milled crab and 
shrimp shells were first soaked in 2 wt% KMn04 solution at 
room temperature for 15 to 20 hours to remove pigments. 
The remaining powder was then washed with a 1 wt% oxalic 
acid solution to reduce the residual KMn04 and MnO^. 

35 

Swollen colloidal chitin (used primarily as a 
reference for enzymatic assays) was prepared by washing 
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swollen chitin with acetone to form a chitin paste, then 
slowly adding the paste to 7 to 9 volumes of concentrated 
HCl cooled in an ice bath to 4®C to arrest hydrolysis. 
Particulates were removed from the syrupy liquid by 
5 filtering in a glass column containing a sintered glass 
plate and loosely-packed glass wool. The decalcified 
chitin filtrate was dropped into a vigorously stirred 
acjueous 50% ethanol solution to precipitate the chitin in 
a highly dispersed state. The colloidal residue was 

10 centrifuged at 5000 x g for 20 minutes and resuspended in 
water three to five times, then sedimented by gravity and 
washed several times with a 100 -raM potassium phosphate 
buffer containing 1-mM CaClj (pH 6,0) to remove excess acid 
and alcohol. Finally, the swollen chitin solution was 

15 dialyzed against 100-mM potassium phosphate buffer until a 
pH of 5 to 6 was maintained. 

Fermentations 

20 Batch fermentations were performed in a 10 -L 

Chemap fermentor with the temperature controlled at 30**C. 
FexTnentations were perforxad asking a 7 workirxg srolumti and 
the same media as used in shcike- flask experiments (15 g/L 
practical grade crab-shell chitin (Sigma), 0.5 g/L yeast 

25 extract (Dif co) , 1.0 g/L (NH4)2S04, 0.3 g/L MgS04, and 1.36 
g/L KH2PO4 (All BDH) ) , pH 8.5. The fermentor was inoculated 
(5%) with 3 -hour YEPD inoculum culture as described for 
batch cultures. 

30 A fed-batch fermentation was also performed using 

a 10 -L working volume . The temperature and pH were 
controlled at 30**C and 7.0, respectively. Glucose was used 
as the carbon source until high cell density was achieved, 
at which time the carbon source was switched to ball -milled 

35 practical grade crab chitin. Minimal media was used for 
both the inoculum and the fed-batch fermentation media; the 
composition, based on studies by Veron, 1975, is given in 
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Table 1, During the glucose -feeding portion of the 
fermentation, glucose levels were monitored at regular 
intervals using a Beckman Glucose Analyzer 2, 

5 Chitinase Activity Assays 

Total chitinase activity was measured by the 
colorimetric method of Reissig et al., 1955, with some 
modifications to allow for multi-sample analysis using an 

10 ELISA 96 -well plate reader. The reaction mixture contained 
0.8 mL of a 0.125% (w/v) suspension of swollen colloidal 
chitin and 0.1 mL of 100-mM potassium phosphate buffer 
(containing 1.0 -mM CaClj) at pH 6.0. The reaction mixture 
was mixed with 0.1 mL of enzyme (culture supernatant) 

15 solution diluted 5 to 200 fold in the same phosphate buffer 
and incubated at 37*>C for 1 hour, at which time the 
reaction was quenched by boiling for 5 minutes. A chitin 
blank and each sanqple were then centrifuged at 5000 x g for 
5 minutes cuid 0.275 mL of each supernatant was collected 

20 and assayed for NAG concentration. 

: ,A. . N-acetyl-I^-gloiCGsamiiie -:(NAG) , ^ CQncenc^rat.!^^ , s^;.'..^ 

determined by mixing 0.055 mL of 0.8-M potassium 
tetraborate (pH 9.1) with the 0.275-mL supematcint sample 

25 and heating the resulting solution in a vigorously boiling 
water bath for 3 minutes. The mixture was then cooled 
immediately in an ice bath. 100 mL of the mixture was 
deposited, in triplicate, in ELISA plate wells; NAG- 
steuidard and blank solutions were also added to the plate 

30 in triplicate. 100 mL of 0.112-M p-dimethylamino- 
benzaldehyde (Ehrlich's reagent) in analytical -grade 
glacial acetic acid (containing 12.5% w/v) 10-N HCl) was 
then added to each well and the plate was maintained at 
37*>C for precisely 20 minutes. The plates were cooled to 

35 4^C for 3 minutes and the absorbance of each well was 
subsequently measured at 545 nm in an ELISA plate reader. 
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One unit of activity was defined as the amount of enzyme 
able to liberate 1 mg of N-acetyl-D-glucosamine per hour. 

Chitinase activity was also determined by using 
5 the analog p-nitrophenyl-/S-D-N,N'-diacetylchitobiose (pNP- 
(NAOi) (Sigma). The assay was performed in triplicate 
using ELISA plates and contained 50 fiL of 100 mM KH^PO^ 
buffer containing 1-mM CaClj at pH 6.0, 50 /iL of pNPCNAG)^ 
dissolved in nanopure water (400 ng/ml) and 20 /iL of enzyme 

10 diluted in the same buffer. After 10 minutes of incubation 
samples were read at 405 nm using an ELISA plate reader. 
Blanks were used to discount any absorption due to the 
enzyme or pNP-(NAG), alone. The ^moles of p-nitrophenol 
released by the samples was calculated using a standard 

15 curve. Units of enzymatic activity were determined as the 
number of Mmoles of p-nitrophenol released per minute under 
the assay conditions. 



20 



30 



Chitob iase Activity Assay 



Chitobiase activity was determined by measuring 
the , amount of ni trophisnol released -when • ah <^aiiqu"ot 6i 
enzyme solution (culture supernatant) was incubated with an 
aqueous solution of p-nitrophenyl-N-acetyl-/9-D-glucosamine 
25 (pNP-NAG) (Sigma) . The buffer used in this assay was 85-mM 
Tris(hydroxymethylaminomethane)-malate, pH 7.0. 50 of 
2.5-mM pNP-NAG solution was mixed with 50 /iL buffer and 20 
ML of enzyme solution appropriately diluted in buffer. 
After a 10-rainute incubation period at 3T>C, the reaction 
was stopped by the addition of a 100 of 0.375-M NajCOj. 
The liberated p-nitrophenol was spectrophotometrically 
measured at 405 nm in an ELISA plate reader. One unit of 
chitobiase activity is equal to the amount of enzyme 
necessary to liberate 1 /imol of p-nitrophenol per minute. 



35 
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Analysis of Chitin-Hydrolyais Products 

Chitinase action on swollen colloidal chitin was 
analyzed by HPLC using a Radial-Pak /zBondapak-NHj column (8 
5 X 100 ram , Waters ) . N - acetyl - D -glucosamine and 

chitooligomer retention times were identified by running 
standards (YSK Ind. Co., Ltd., Tokyo, Japan). Peaks were 
detected at 210 nm. 

10 Results and Discussion 

Optimization of Culture Conditions 

Economical production of N-acetyl-D-glucosamine 

15 rec[uires optimization of media composition (and culture 
conditions) such that chitinolytic enzyme production is 
maximized at a minimum media and operating cost. Optimized 
media for batch cultures of S. marcescens was based on 
re f inement of the recipe of Monreal and Reese , 1969 ( see 

20 Table 1) using results from factorial shake-flask 
experiments designed to maintain chitin as the growth 
limiting nutrient , . ^ throughout - the , ciuLlty^ 
concentrations of yeast extract, (1^4)2304, MgS04, emd KH2PO4 
were all allowed to vary while holding ball -milled crab- 

25 shell chitin content constcint at 15 g/L. Teible 1 showns 
the resulting media optimized for minimum media cost . At 
concentrations oJ3ove those in the optimized media reported 
in TsJole 1 below, the media composition has little effect 
on chitinase production or cell density after 160 hours of 

30 culture. 

Ferment at ions 

Figure 7a shows dry cell weights (DCW) as a 
35 function of time for a typical 7-L batch fermentation grown 
for 8 days . This figure also shows data for a 10 -L fed- 
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batch fermentation of S. marcescens QM B1466 grovm for 20 hours 
on the defined minimal media shown in Table 1 (where 
glucose is the sole carbon source) , after which time ball- 
milled crab-shell chitin was added to a final concentration 
5 of 1.5% (w/v) to test chitinase induction at high cell 
densities. All glucose in the fermentor was exhausted 
prior to addition of the chitin substrate in order to 
minimize, but not necessarily eliminate, glucose 
repression. The final OD«o^ of ca. 22 prior to chitin 

10 addition in the fed-batch culture represents a substantial 
increase in cell density over conventional batch cultures 
of 5. marcescens grown on either glucose or chitin (maximum 
^^eeonm of 3) . Thus, we could realize a substantial increase 
in volumetric yield of chitinase activity provided 

15 equivalent production of chitinase activity per cell could 
be achieved. 

Figure 7b shows chitinase-activity as a function 
of culture time for each of the cibove fermentations. 

20 Chitinase activity is not observed in the batch 
fermentation xintil late in the second day, after which it 
- steadily, rises until a maxintuiti activity bet^eeii^ 20^ ^^a^ 
D/mL is reached near 140 hours of culture. Culture times, 
as well as intermediate and final chitinase activities, are 

25 very similar to those observed in the optimized shake-flask 
cultures, indicating that mass- transfer limitations due to 
the insoluble nature of the chitin substrate are not 
exacerbated by scale-up. 

30 Chitinase-activity is never observed in the high- 

cell -density fed-batch culture, where the cells were 
induced with 1.5% (w/v) chitin during late exponential 
phase growth. One possible explanation for the absence of 
chitinase production in this system is that the cells in 

35 this late growth stage are stressed to the point where they 
can no longer accept chitin as a carbon source. Batch 
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cultures grown on glucose to early exponential -phase growth 
and a wide range of cell densities were induced by- 
exhausting the glucose, and immediately exposing the 
culture to 1.5% (w/v) ball-milled crab-shell chitin. In 
5 each case, an increase in cell density of 4 to 5 OD^^^ was 
observed over a five day growth period. The resulting 
chitinase activity as a fimction of induction time was, 
within experimental error, identical to that observed for 
the low-cell -density batch culture grown exclusively on 
10 chitin. This suggests that chitinolytic activity was only 
produced in that small fraction of cells which grew on 
chit in, while the bulk of the culture remained glucose 
repressed . 

15 Chitin Source and Pretreatment 



Since the economics of the process of the 
invention will be largely defined by the cost of producing 
the chitinolytic enzyme ensemble, we have explored the 
20 effects of chitin source, as well as a number of 
inexpensive methods for preparing the chitin sxibstrate, on 
S. ??zarcejcOTy growth and chitiiiase -producLioi>^t^-^ v -v 

Figure 8a shows the influence of chitin source on 
25 the production of chitinolytic enzymes curid cell growth in 
otherwise identical shake- flask cultures of 5. marcescens &l 
B1466. In each of these cultures, equivalent 

concentrations of chitin were supplied as a ball -milled 
exoskeleton powder of similar particle size. As shown in 
30 Figure 8a, chitinolytic enzyme production is similar for 5. 
fnarcescens cultures grown on crab and shritrqp chitin, but is 
essentially undetectable in the oyster-shell culture, 
indicating relatively poor presentation of chitin in this 
latter system. Similar cell growth and final cell 
35 densities were observed for growth on equivalent 
concentrations of crab and shrimp shells (Figure 8b) . In 
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both systems, free N-acetyl-D-glucosamine concentration 
remained low while the cell population was increasing. 
Little to no cell growth was observed in the cultures grown 
on oyster shells. 

5 

Since chitinases can only hydrolyze solvent - 
accessible ^-1, 4-linkages, the effective surface area and 
morphology of crab-shell waste may influence both enzyme 
production and catalytic activity. We have explored a 
10 number of ine3q>ensive substrate pretreatraents aimed at 
increasing chitinase activity in culture supernatant. 
These include ball milling to increase the external surface 
area to volume ratio of the particles, and both autoclaving 
and the more severe steam-explosion technique to swell the 
15 crab-shell particles and thereby (possibly) change chitin 
availability and morphology. Autoclaving was done both in 
distilled water and in dilute solutions of either dimethyl- 
acetamide or sulfuric acid to swell the crab-shell 
particles through disruption of the interchain hydrogen- 
20 bond structure. Dimethyl -acetamide was chosen because, it 
has been shovm to be an effective solvent for chitin. 
: ^?ulf^ is comrnohlyt usisd vats : ^ swelling^agent . in^^ t-He^v^ 

treatment of cellulose • Figure 16 illustrates a graphical 
plot of N-acetyl-D-glucosamine (NAG) concentration versus 
25 reaction time for chitin which has been hammer-milled, 
ball-milled, steam-exploded and ball-milled, steam- exploded 
with acid and ball -milled and treated with dimethyl 
acetamide . 



30 Figure 9a shows the effect of nominal particle 

diameter D„ on the production of chitinase activity in 
shake -flask cultures of S. marcescens . Final chitinase activity 
slightly more thsm doubles when D„ is decreased from ca. 600 
Mtn to 400 /tm, which is directly proportional with the 2.25- 

35 fold increase in average surface area per unit particle. 
However, no significant increase in maximum chitinolytic 
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activity is observed when the particle diameter falls below 
180 /itn. Final cell densities were similar in all cultures 
(maximum OD^^q^ of 3) . 

5 As shown in Figure 9b, autoclaving (at 121<*C) of 

the 180 /im to 250 /im sieved fraction in 1% DMA results in 
a small but reproducible increase in chitinase activity, 
indicating that a change in particle morphology can lead to 
higher yields. However, no improvement was observed when 

10 the solvent was either distilled water (not shown) or 1% 
H2SO4. Moreover, as shown in Figure 9c, the more aggressive 
steam-explosion pretreatment of the same particle size 
fraction results in a substantial reduction in chitinase 
production with increasing severity of processing 

15 conditions. Maximum chitinase activity is reduced by more 
than a factor of 2 for crab -shell samples in 1% DMA steam 
exploded at 225*»C, and by more than a factor of 6 for 
swollen colloidal chitin, where all non-chitinaceous 
contaminants have been removed. Viewed together. Figures 

20 9a, 9b cuid 9c indicate that chitinase production has a 
strong nonlinear concave -down dependence on chitin/NAG 
availability^ iii' the crusccfcfea^ shell • subs i;:rat^e <,,.v^ ^Wr^r^^.) >;rV^ 
available chitin concentrations, chitinolytic enzyme > 
production increases with increasing chitin/NAG 

25 availability. Harsher pretreatment of crab-shell 

particles, designed to increase chitin availability per 
gram of substrate, results in an increase in (initial) free 
NAG concentration in the culture which is quickly exhausted 
by the ea^anding cells. No chitinolytic activity is 

30 produced in S.mvrcescens cultures grown on NAG. The repression 
of chitinolytic enzyme production observed under these 
conditions may therefore be due to an excess of free NAG 
combined with abundance of available chitin, including 
soluble chitin oligomers. 

35 
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Rate-limiting Step in N- Acetyl -D-Glucosamine Production 

The rat e - 1 imi t ing enzyme of the S. marcescens 
chitinolytic enzyme ensemble in the hydrolysis of chitin to 
5 NAG was evaluated by measuring chitinase and chitobiase 
activities in batch culture supematcunt recovered after 149 
hoixrs of induction (see Figure 7b) . pNP (p-nitrophenyl) 
analogs of chitobiose (substrate for chitobiase) and 
chitotriose (s\ibstrate for chitinase) were used and unit 
10 activity for both reactions was tcJcen as /xmoles of pNP 
released per minute. As shown in Figure 10, chitobiase 
act ivi ty in the supematcuit is more than two- fold higher 
than chitinase, indicating that chitinase activity is rate 
limiting in the hydrolytic reaction sequence. 

15 

N- acetyl -D-glucosamine is the end product cmd the 
dominant soluble product formed when crab- shell or swollen- 
colloidal chitin is contacted with culture supernatant at 
37<*C and neutral pH. Figure 11 shows a typical HPLC 

20 chromatogram for the soluble hydrolysis products from 
swollen-colloidal chitin. The first and main peak is N- 
^ acatyl-D-glucosarninev^ constituting ,cabv^.v65% thi; : s oliible^. 
hydrolysis products, with chitobiose (second peak) and 
chitotriose (third peak) being the only other products 

25 present at significcuit concentrations. The relatively high 
K-acetyl-D-glucosamine concentration provides additional 
evidence that chitinase activity limits the overall 
hydrolysis rate of the S. marcescens chitinolytic conplex on 
chitin. There is no significant accumulation of any other 

30 intermediate product such as chitobiose (15%) or 
chitotriose (3.7%) which would be expected if the ratio of 
chitinase vs. chitobiase activity was not in favour of the 
latter enzyme. This is an important concern for reactor 
design, since significemt accumulation of soluble 

35 chitooligomers (chitobiose, chitotriose, etc. ) is 
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undesirable and could lead to end-product inhibition of 
chitinase activity. 

Effect of Temperature and pH 

5 

Figure 12 in the two left and right plots shows 
the dependence on pH and temperature, respectively, of. 
total chitinase activity, where unit activity now refers to 
1 rag of NAG produced per hour, in culture supematcint taken 
10 after 149 hours of induction. Trends are the same 
regardless of whether crab-shell chitin or swollen 
colloidal chitin are used as substrate. The pH optimum is 
near neutral, in agreement with earlier studies on 
different chitin substrates (Monreal and Reese, 1969) , 

15 

The optimum temperature for chitinase activity is 
between 40 and 50**C. At temperatures above 50**C the 
activity rapidly decreases and is near zero at 60**C. 
Differential scsmning calorimetry data (Calorimetry 
20 Sciences Corp. model 7707 heat conduction DSC) of partially 
purified culture supernatant show that the chitinase 
■ Bn^ymes^ at.; pHL. -^- denature near- .60"^^,- ^l^^^ - 4.,„fC • ; 

Figure 13a and Figure 13b show in two plots the 
25 stabilities of chitinase and chitobiase activities in 149- 
hour culture supexnaatant at elevated temperatxires • For 
each data point, culture supernatant containing no chitin 
was incubated at the specified temperature for a period 
between 1 and 24 hours. Each sample was then assayed at 
30 37*^C for both total chitinase and chitobiase activity. 
Hydrolytic activities for both enzymes remain high at 
temperatures of 40 ®C and below, cind show little to no 
decrease with time. Incubation of culture supernatant at 
SO'^C results in a gradual loss in chitinase activity to ca. 
35 half its maximum value after 24 hours. At 55**C, which is 
well within the van't Hoff temperature envelope for thermal 
denaturation of chitinase (based on the DSC data) , activity 



wo 97/31121 



- 43 - 



PCT/CA97A)011S 



15 



falls to near zero (ca. 15% of maximum activity). A 
similar trend is observed for chitobiase, where activity 
falls to near zero at incubation temperatures at or above 
the thermal denaturation temperature of ca. 50<'C. 

5 

In the presence of chitin, which more accurately 
reflects the actual reactor conditions, the activity of 
chitinase was measured for a period of 24 hours at 
temperatures reujging from 30 to 60»C. In this case, 
10 activity was assayed at the incubation temperature. Chitin 
hydrolysis catalyzed by chitinases displays Arrhenius 
behaviour for ten^jeratures below 50«»C as shown in Figure 
14. The slopes of the Arrhenius plot are approximately the 
same for the different time points. since this system 
represents an ensemble of enzymes and different reactions, 
the slope can only give us an effective activation energy 
for the reaction, e;^. From the average value of the 
slopes, = 374 ± 67 J/mol. The intercepts, which are 
proportional to the frequency factor of the reaction, 
decrease with increasing reaction time, indicating, end- 
product inhibition as discussed below. 

Enzyme inhibition 

End-product inhibition was tested using p- 
nitrophenyl substrate -analogs to assay chitinase and 
chitobiase activities in the presence of increasing 
concentrations of N-acetyl-D-glucosamine (NAG) . The 
results sho%m in Figure 15a indicate that both activities 
in culture supernatant are inhibited by the end product 
(NAG) . However, the drop in enzymatic activity for 
chitobiase is far more significant than that of chitinases. 
At 40-mM NAG in the assay media, only 30% of total 
chitinase activity is lost whereas chitobiase activity 
35 drops by 70%. 
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The nature of chitobiase inhibition by N-acetyl- 
D-glucosamine was determined by assaying chitobiase 
activity in S. marcescens culture supernatant over a wide range 
of substrate concentrations, with and without the addition 
5 of fixed amotmts of N-acetyl-D-glucosamine . Analysis of 
the resulting Eadie-Hof stee plot (Figure 15b) indicates 
noncompetitive inhibition. The K„ is not affected while 
is decreased by increasing concentrations of NAG in the 
assay media. The inhibition constant Kj calculated from the 

10 Eadie-Hof stee analysis is 1.00 (± 0.15) mM, indicating that 
production rates and product purities in the hydrolysis 
bioreactor will be diminished for reactor conditions where 
the local NAG concentration exceeds ca. 0.2 g/L. This 
minimizes the utility of simple bioreactor configurations, 

15 such as a one-stage continuous stirred tank reactor (CSTR) , 
and suggests that the optimum reactor configuration will be 
based on the plug -flow reactor scheme, which provides for 
low initial product concentration and continuous build-up 
product in the reactor flowstream (e.g. packed-bed reactor 

20 or sequential CSTRs) . 

The nature of cHitinase. iilhibitipn^b^^^ 
glucosamine is more difficult to determine because there is 
more than one enzyme with chitinase activity produced by S. 

25 marcescens when grown on chit in. Although some results remain 
in question, five different chitinases have been identified 
in supematants of S. marcescens cultures [Fuchs, R.L*, 
Mcpherson, S.A., and Drahos, D.J. (1986), AppL Environ. 
Microbiol., 51, 504-509], The role of each of these enzymes 

30 in chitin hydrolysis is unclear, and little enzymology data 
is available for any of them in their purified form. 
However, it is clear from our results (Figure 15a) that 
end-product inhibition of chitinase activity is 
significantly weaker than observed for chitobiase. 

35 
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This study demonstrates that a cost-effective 
media for large-scale production of the chitinolytic-enzyme 
ensemble in Serratia marcescens and the feasibility of using this 
system for the production of N- acetyl -D-glucosamine from 
5 hydrolysis of chitinaceous wastes is practical. The 
results from this study, combined with an ideal (plug-flow, 
no fluidization or back mixing) packed-bed reactor model, 
indicate that a 1000-L bioreactor operated at optimal 
conditions, and containing 20 U/mL chitinase activity 
10 (obtained from our culture supernatant) and an excess of 
chit in, is capable of producing over half a tonne of N- 
acetyl -D-glucosamine per day. 

The economics of the proposed process will depend 
15 on a number of factors, most notably efficient design of 
the chitin bioreactor such that loss (e.g. inactivation) 
and inhibition of chitinase and chitobiase activity are 
minimized. At 40**C, there is essentially no loss of either 
chitinase and chitobiase activity in S, marcescens culture 
20 supernatant over a 24 hour period. However,- total 
chitinase and chitobiase activities are inhibited by the 
■-"~^end''^prGduct^^'N-kel^tyl-i5-gluTO ''By-^'-^^-'^^rj''''^-''-- — -^.^^^ 

one-stage continuous stirred-tank reactor will not be ^ 
effective, and more sophisticated configurations, such as 
25 a packed bed reactor, which produce a gradient in product 
concentration are required. 
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Table 1 



Media Composition for 5. marcescens Cultures 



Component 



Concent rat ion ( g/L) 



10 



15 



20 



Minimal Media Optimized Media 



Glucose 


2.00 


0 




Chit in 


0 


15 




Yeast Extract 


0 


0. 


1 


KH2PO4 


6.80 


0. 


136 


K2HPO4 


2.61 


0 




NaCl 


10.00 


0 




{NH4)S04 


1.00 


0 




MgS04-7H20 


0.123 


0. 


15 


CaClj 


0.0147 


0 




Metal solution* 


1.0% (v/v) 


0 




* (in IL distilled HjO : 


3.84 g ' citric ' 


acid, ^ 




FeS04 • 7H20 , 28.7 mg ZnS04 • 


7H20 , 16.9 mg MnS04 • Kfi , 


2. 


CuS04-5H20, 2.5 mg C0CI2, 6 


.2 mg H3BP3. 







25 
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WHAT IS CLAIMED IS: 



^- A process for producing N-acetyl-D-glucosamine 

(2-acetainido-2-deoxy-D-glucose) which comprises 
5 enzymatically hydrolyzing chitin with an ensemble of 
chitinolytic enzymes obtained by fermenting chitin obtained 
from the exoskeletons of Crustacea with a selected organism 
to induce the production of at least one chitinase and one 
chitobiase. and separating the N-acetyl-D-glucosamine from 
10 the ensemble of chitinolytic enzymes. 

2- A process as claimed in claim l wherein the 

ensemble of chitinolytic enzymes contains at least one 
chitinase and one chitobiase produced and secreted from 
15 either a procaryotic or eucaryotic organism. 

^' A process as claimed in claim 2 wherein the 

chitinase is either an endo- or exo-jS-l, 4-glycanohydrolase 
(EC 3.2.1.14), and the chitobiase is a /J-n-acetyl- 
20 glucosaminidase (HC 3.2.1.30), {Jqipwn also as an 
acetylamino deoxyglucohydrolase (BC 3.2.1.29) ) , or a /S-N- 
acetyl-heT;:cssminidasey.(EC,:v-,..4,,,a ,. . , 



25 



30 



35 



4- A process as claimed in claim l wherein the 

Crustacea is selected from the group consisting of krill, 
shrimp, crab and lobster. 

^- A process as claimed in claim 2 wherein the 

procaryotic organism is a bacterial cell line selected from 
the group consisting of Serratia marcescens, Streptomyces IMdans and 
Entembacter liquefaciens . 

6- A process as claimed in claim 2 wherein the 

eucaryotic organism is a fungal cell line selected from the 
group consisting of Tnchoderma harzanum and Mymthecium verrucaria. 
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10 



15 



20 



25 



7 A process as claimed in claim 1 wherein the 

enzyme ensemble is concentrated by two-step cross -flow. 

8, A process as claimed in claim 7 wherein the 

process is conducted at a pH between about 5.5 and 8 and at 
a temperature between about 25»C and 55"»C. 

9 A process for the production of ein ensemble of 

chitinolytic enzymes which comprises: 

(a) introducing a chitin-containing substance 
into a fermentor or culturing vessel; 

(b) generating a culture by introducing an 
inoculum of a procaryotic or eucaryotic organism into the 
fermentor or culturing vessel to induce organism expansion 
and production of enzymes having chitinase or chitobiase 
activity; 

(c) recovering of the ensemble of chitin- 
degrading enzymes and chitobiose- degrading enzymes from the 
culture. 

10. A process as claimed in claim 9 wherein the 

chitinase-degrading enj^ymes Mid.^, ch^.toJ^ 

enzymes in the ensemble are contained in an extracellular 

fluid. 



11. A process as claimed in claim 9 wherein the 
enzymes are recovered by passing the culture through a 
membrane separator to yield a filtrate solution containing 
the ensemble of chitinolytic enzymes which contains at 

30 least one chitinase and one chitobiase. 

12. A process as claimed in claim 9 wherein the 
enzymes are recovered by passing the culture through a 
centrifuge to yield a filtrate solution containing the 

35 ensemble of chitinolytic enzymes which contains at least 
one chitinase and one chitobiase. 
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13 ^ A process as claimed in claim 11 wherein 

retentate from the membrane separator is recycled back to 
the fermentor or culture vessel. 

5 14 _ A process as claimed in claim 12 wherein 

retentate from the membrane separator is recycled back to 
the fermentor or culture vessel. 

15. A process from the production of N-acetyl- 

10 glucosamine comprising: 

( a ) introducing a chi t in - containing sol id 
siibstrate, a defined carbohydrate -free media, and an 
organism which produces chit in-degrading and chitobiose- 
degrading en2:ymes when grown on chit in into a fermentor or 

15 culture vessel; 

(b) producing a culture by applying a culturing 
protocol which induces the organism to produce and secrete 
an ensemble of chitinolytic enzymes containing at least one 
chitin-degrading enzyme (chitinase) and one chitobiose- 

20 degrading enzyme (chitobiase) ; 

(c) separating the ensemble of chitinolytic 
t^n^syme^k. f rom otheir ;cqn?>oncnt2 n ^ 

(d) mechanically or physico- chemically treating 
chit in- containing solids; 

25 (e) introducing the separated ensemble of 

chitinolytic enzymes of step (c) and the chitin-containing 
solids of step (d) into a chit in -hydrolysis reactor where 
the chitin component of a solid is hydrolyzed to N-acetyl- 
D- glucosamine ; 

30 (f) separating the N- acetyl -D-glucosamine and the 

ensemble of chitinolytic enzymes into a filtrate stream 
containing N- acetyl -D-glucosamine cind a retentate stream 
containing the chitinolytic enzymes. 

35 16, A process as claimed in claim 15 wherein the 

chitinolytic enzymes comprising chitinase (s) and 
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chltobiase(s) are recycled to the chitin-hydrolysis 
reactor . 

17. A process as claimed in claim 15 wherein the 
5 chitin-hydrolysis reactor of step (e) is a sequential two- 
stage reactor. 

18. A process as claimed in claim 17 wherein the two- 
stage reactor conprises a single unit in which a bottom 

10 portion of the working volume of the reactor contains a 
packed-bed of chitin-containing solid through which ein 
enzyme -containing mobile phase passes cuid wherein an upper 
portion is a solids- free aqueous solution containing 
chitobiose-degrading enzyme (s). 

15 

19. A process as claimed in claim 17 wherein the two- 
stage reactor comprises two sequential reactors in which 
the first reactor contains a packed-bed of chitin- 
containing solid through which an enzyme -containing mobile 

20 phase passes and wherein the second reactor is a stirred 
tank containing a solids-free aqueous solution which is 
: : , ...c^taliTzed \^by: one ; or ' more^^chitobiose -dGgrei^ er^^yrmm-.r.i 

20. A process as claimed in claim 18 wherein the 
25 enzyme ensemble feed solution is introduced into the bottom 

of the packed bed. 

21. A process as claimed in claim 17 wherein the two- 
stage reactor is maintained at a pH of between about 5.5 

3 0 and 7.5, and cin isothermal temperature of between about 
30°C and 55*>C. 

22. A process as claimed in claim 15 wherein the 
chit in - containing sol ids are pre - treated to increase 

35 external availability of chitin. 
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23 . A process as claimed in claim 22 wherein the 
pretreatment comprises ball-milling or hammer-milling. 

24, A process as claimed in claim 22 wherein the 
5 pretreatment comprises steam explosion or steam expansion 

of chit in -containing solids. 

25- A process as claimed in claim 15 wherein the 

chitin-hydrolysis reactor of step (e) is a semi-f luidized 
10 bed reactor. 

26. A process as claimed in claim 15 wherein the 
ensemble of chitinolytic enzymes of step (c) are separated 
by a membrane filtration process. 

15 

27. A process as claimed in claim 15 wherein the 
chitinolytic enzymes and N-acetyl D-glucosamine are 
separated into a filtrate stream by an ultrafiltration 
process. 

20 

28. A process for the production of N-acetyl - 

. ■ g'luc.osaroine -cciiipj^'i/sing^.'^'.^, /^^v>*^-*iv,>' ' ,-v,W'^»--*-w-^-.^,;^,-^,^ - rz-i.^'r-'^ 

(a) introducing a chit in- containing solid 
substrate, a defined carbohydrate -free media, and an 

25 organism which produces chit in -degrading and chitobiose- 
degrading enzymes when grown on chit in into a ferment or or 
culture vessel; 

(b) producing a culture by applying a culturing 
protocol which induces the organism to produce and secrete 

30 an ensemble of chitinolytic enzymes containing at least one 
chitin-degrading enzyme (chitinase) euid one chitobiose- 
degrading { chitobiase ) enzyme ; 

(c) separating the ensemble of chitinolytic 
enzymes from other components of the culture; 

35 (d) introducing the ensemble of chitinolytic 

enzymes and chitin-containing solids into a chitin- 
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hydrolysis reactor where the chit in component of the solids 
is hydrolyzed to N-acetyl-D-glucosamine; 

(e) separating the N-acetyl-D-glucosamine and the 
ensemble of chitinolytic enzymes into a filtrate stream 
5 containing N- acetyl -D-glucosamine emd a retentate stream 
containing the ensemble of chitinolytic enzymes. 

29. A process as claimed in claim 28 wherein the 
chitinolytic enzymes comprising chitinase(s) and 

0 chitobiase (s) are recycled to the chit in -hydrolysis 
reactor . 

30. A process as claimed in claim 28 wherein the 
chitin-hydrolysis reactor of step (e) is a sequential two- 

5 stage reactor. 

31. A process as claimed in claim 30 wherein the two- 
stage reactor comprises a single unit in which a bottom 
portion of the working volume of the reactor contains a 

0 packed-bed of chitin-containing solid through which an 
enzyme-containing mobile phase passes and wherein an upper 
portion is a solids-i&re^r / cLqiieoac?? zol\xtijiiJXi,.^i^ a^ 
chitobiose- degrading enzyme (s). 

5 32. A process as claimed in claim 30 wherein the two- 

stage reactor comprises two sequential reactors in which 
the first reactor contains a packed-bed of chitin- 
containing solid through which an enzyme -containing mobile 
phase passes and wherein the second reactor is a stirred 

0 tank containing a solids-free aqueous solution which is 
catalyzed by one or more chitobiose -degrading enzymes. 

33. A process as claimed in claim 31 wherein the 

enzyme ensemble feed solution is introduced into the bottom 
5 of the packed bed. 
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34- A process as claimed in claim 30 wherein the two- 

stage reactor is maintained at a pH of between about 5.5 
and IS, and an isothermal temperature of between about 30®C 
and 55«»C. 

5 

35. A process as claimed in claim 28 wherein the 

chitin-containing solids are pre-treated to increase 
external availability of chitin. 

10 36. A process as claimed in claim 35 wherein the 

pretreatment comprises ball-milling or hammer-milling. 

37. A process as claimed in claim 35 wherein the 
pretreatment comprises steam explosion or steam expansion 

15 of chitin-containing solids. 

38. A process as claimed in claim 28 wherein the 
chitin-hydrolysis reactor of step (e) is a semi-f luidized 
bed reactor. 

20 

35 • A process as claimed in claim 28 wherein the 

ensemble cf chitinr>ly:tic enzymec- of: Gte^^ 
by a membrane filtration process. 

2S 40. A process as claimed in claim 28 wherein the 

chitinolytic enzymes and N-acetyl D-glucosamine are 
separated into a filtrate stream by an ultrafiltration 
process. 
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